Introduction {#Sec1}
============

Empirical computational methods are widely used in ligand discovery projects for ligand docking and computing ligand--receptor binding energetics. Docking procedures using empirical scoring functions are often found to successfully predict poses, but commonly lack sufficient accuracy to correctly rank poses or predict binding affinities \[[@CR1]--[@CR4]\]. On the other hand, rigorous ab initio quantum mechanical methods offer the possibility of more accurate calculations, but are generally too computationally costly and therefore impractical in drug design projects. Nevertheless, quantum chemical calculations may provide deeper insights into the physical nature of the corresponding interactions and lead to simpler and more robust nonempirical models. An example is the finding that for polar or charged inhibitors of phenylalanine ammonia-lyase and leucine aminopeptidase, the nonempirical first-order electrostatic interaction energy defined within perturbation theory \[[@CR5]\] (or its multipole component \[[@CR6]\]) alone yielded a reasonable correlation with experimental inhibitory activity data. However, such a simple model is insufficient for nonpolar receptors, like fatty acid amide hydrolase (FAAH), where inclusion of a nonempirical dispersion term, in addition to the electrostatic multipole term, was necessary to describe inhibitory activities \[[@CR7]\]. Likewise, as noted by Lonsdale et al. \[[@CR8]\], dispersion effects should be considered for reliable modeling of enzyme-catalyzed reactions.

While the electrostatic multipole term estimated from atomic multipole moments obtained from RHF wavefunctions scales favorably with the number of atoms *A* of the studied system as $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$O(A^2)$$\end{document}$, the ab initio calculation of dispersion energy is much more computationally demanding, scaling as $\documentclass[12pt]{minimal}
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                \begin{document}$$O(N^5)$$\end{document}$, where *N* is the size of the basis set and, as such, it cannot be part of a generally applicable scoring method. A computationally inexpensive empirical expression for the dispersion energy employed by classical force fields \[[@CR9]\] might be seen as a rational substitute for the ab initio calculations \[[@CR10], [@CR11]\]. However, empirical dispersion appears to be associated with a non-systematic error compared to rigorous DFT-SAPT results \[[@CR10]\]. Another drawback of the classical term seems to arise for intermonomer distances shorter than equilibrium separation, wherein empirical results deviate from the reference DFT-SAPT calculations \[[@CR11]\]. Since such shortened intermolecular distances might result from force field inadequacy \[[@CR12]\] or basis set superposition error \[[@CR13]\], any method including short range intermolecular energy terms sensitive to artificial compression of intermonomer separation is inadequate for the purpose of rapid estimation of the binding energy within protein--ligand complexes.

Most attempts to derive affordable and reliable dispersion corrections have been undertaken in conjunction with density functional theory methods, which do not account for the dispersive van der Waals forces unless special corrections are added \[[@CR14]--[@CR16]\]. Pernal et al. \[[@CR17]\] proposed an alternative approach---a dispersion function $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{Das}$$\end{document}$ that describes noncovalent interactions by atom--atom potentials fitted to reproduce the results of high-level SAPT (Symmetry Adapted Perturbation Theory \[[@CR18]\]) calculations that provide state-of-the-art quantum chemical dispersion and exchange-dispersion energies. It is noteworthy that the $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{Das}$$\end{document}$ function demonstrated remarkable performance in describing hydrogen bonding interactions, which are governed by both electrostatic and dispersive forces \[[@CR19]\]. The low computational cost of this approximate dispersion function and its broad applicability stemming from the lack of empirical parametrization, make the use of the $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{Das}$$\end{document}$ expression a promising approach to describing dispersive contributions in scoring methods suited for virtual screening. Further advantages of the $\documentclass[12pt]{minimal}
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                \begin{document}$$^{6}$$\end{document}$ empirical expression discussed above are the clear physical meaning of the former and its pertinence to a wide range of intermolecular distances because of an additional higher order 1/r$\documentclass[12pt]{minimal}
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                \begin{document}$$^{8}$$\end{document}$ term and an exponential damping function that is essential at short distances where penetration effects become significant.

Here, we evaluate the ability of the simple model that was previously tested for a congeneric series of inhibitors of the FAAH protein \[[@CR7]\], to predict the activities of inhibitors targeting two different subpockets of a protein binding site, which is an important requirement for application in fragment-based drug design approaches. In this model, the ligand--receptor interaction energy is approximated by the sum of the first-order electrostatic multipole component of the interaction energy, $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{Das}$$\end{document}$, the aforementioned approximation of dispersion energy. The advantage of such a model is that it captures both long-range electrostatic and dispersive energy terms, while being relatively computationally efficient. The interaction energy of an inhibitor or a fragment of an inhibitor with the protein binding pocket is computed in a pairwise manner as the sum of amino-acid residue/inhibitor interaction energies for a set of residues defining the pocket or subpocket.
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                \begin{document}$$E_{EL,MTP}^{(10)}+E_{Das}$$\end{document}$ approximation, here we compute several contributions to the second-order Møller--Plesset (MP2) interaction energy and assess their importance by evaluating correlation coefficients with experimentally determined inhibitory activities \[[@CR20]\]. In these inhibitory activity models, we neglect the influence of binding free energy contributions such as entropy, desolvation energy and conformational adaptation of ligands and receptor upon binding. Our results suggest that this is a valid approximation when considering the relative binding free energies of a congeneric series of inhibitors that are expected to have similar binding modes. In addition, we examine various nonempirical representations of the dispersion term, to test the validity of the $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{Das}$$\end{document}$ approximation and the possibility of exchanging $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{Das}$$\end{document}$ with other dispersion corrections used with various DFT functionals. It should be noted that such corrections represent not only dispersion interactions but also other nonphysical deficiencies of DFT functionals \[[@CR17]\].

In this study, we perform calculations for pteridine reductase 1 (PTR1), an enzyme involved in the pterin metabolism of trypanosomatid parasites \[[@CR21], [@CR22]\]. This enzyme, which is present in parasites but not humans, is a target for the design of inhibitors \[[@CR20], [@CR23]--[@CR25]\] that disrupt the reduction of biopterin and folate in parasites and thus hinder their growth. In particular, PTR1 is an important enzyme in *Trypanosoma brucei* (*Tb*), which causes human African trypanosomiasis \[[@CR26]\]. Different subpockets in the main binding site of *Tb*PTR1 have been explored in inhibitor discovery projects and it therefore provides a good system for assessing the applicability of the simple nonempirical model for fragment--based approaches to inhibitor design.Fig. 1The crystal structure of *Tb*PTR1 in complex with compound 11 (PDB: 3GN2) showing the interactions made by the inhibitor in the binding site. (*left*) Interaction diagram of compound 11 with the *Tb*PTR1 protein pocket. A and D denote protein subunits in the *Tb*PTR1 homotetramer. (*right*) View of compound 11 (*green with green* semi-transparent surface contour) in the *Tb*PTR1 binding site, with residues within 3 Å of the ligand shown in stick representation and labeled. A fragment of the cofactor, nicotinamide adenine dinucleotide phosphate (NADP), is shown in *yellow*. The protein is rendered in cartoon representation. The substitution points (C4 and C7) in compound 11 are labeled. The edge-face $\documentclass[12pt]{minimal}
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                \begin{document}$$\pi$$\end{document}$ interactions between the inhibitor and the protein are indicated by *green dashed lines*, while *purple and yellow dashed lines* denote hydrogen bonds and halogen bonds, respectively

In this work, we focus on the benzimidazol-2-amine series of potent, non-covalent, and reversible *Tb*PTR1 inhibitors that was developed by Mpamhanga et al. \[[@CR23]\] and further extended by Spinks et al. \[[@CR20]\], and for which apparent inhibitory activities ($\documentclass[12pt]{minimal}
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                \begin{document}$$K_i^{app}$$\end{document}$; referred to in the following as 'inhibitory activities') against *Tb*PTR1 were measured. This series of compounds occupies the relatively hydrophobic *Tb*PTR1 subpockets adjacent to the binding site of the main enzyme substrate, biopterin (Fig. [1](#Fig1){ref-type="fig"}). Compound 11 from Ref. \[[@CR20]\] (Fig. [1](#Fig1){ref-type="fig"}) is the parent compound for this inhibitor series \[[@CR20], [@CR23]\]. This compound adopts a well-defined binding mode in the crystal structure \[[@CR23]\] (PDB code: 3GN2, see Fig. [1](#Fig1){ref-type="fig"}) stabilized by multiple hydrogen bonds, halogen bonds and stacking interactions. In particular, the N3 nitrogen of benzimidazole and the 2-amino group make hydrogen-bonds with the carboxylate group of the nearby Asp161 and the backbone carbonyl of Gly205 residue. On the other side of the binding pocket, the chlorines of the 3,4-dichlorophenyl moiety make halogen bonds with the backbone carbonyl group of Trp221 and the carboxylate group of the terminal Ala268 residue. The position of the scaffold of compound 11 is additionally stabilized by edge-face $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\pi$$\end{document}$--$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\pi$$\end{document}$ interactions (Fig. [1](#Fig1){ref-type="fig"}). Due to this extensive interaction pattern, we expect similar binding modes for the derivatives of compound 11. This assumption was used to model the *Tb*PTR1--inhibitor complexes, for which crystallographic structures were not available.
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                \begin{document}$$E_{EL,MTP}^{(10)}+E_{Das}$$\end{document}$ model for prediction of inhibitory activity, we first analyzed *Tb*PTR1 derivatives of compound 11 substituted at C7 of the benzimidazole scaffold, i.e. the compounds reported in Fig. [2](#Fig2){ref-type="fig"} (which we refer to as the *C7* set). A similar analysis was previously performed for the docked covalent inhibitors of the FAAH enzyme \[[@CR7]\]. The FAAH inhibitors were however modelled without knowledge of the crystallographically confirmed binding mode of the core scaffold, which probably introduced uncertainty into the results of the scoring model. Here, our first aim was therefore to test the performance of the $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{EL,MTP}^{(10)}+E_{Das}$$\end{document}$ model for another protein target, *Tb*PTR1, with an inhibitor series with a well-defined binding mode. Our second aim was to investigate whether the model is general and additive, which is assumed since the interaction energy is calculated as a sum of the pairwise residue/inhibitor contributions. Thus, we made a similar model based on the model for the *C7* set for the dataset of the C4--substituted compounds shown in Fig. [3](#Fig3){ref-type="fig"} (which we refer to as the *C4* set), with substituents interacting predominantly with a different set of residues than the *C7* set. Our models for the *C4* and *C7* sets show transferability of the $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{EL,MTP}^{(10)}+E_{Das}$$\end{document}$ model, suggesting its applicability to fragment-based drug design approaches.Fig. 2Chemical structures of the *C7* set of *Tb*PTR1 inhibitors \[[@CR20]\]. The C7 position of the benzimidazole moiety is marked in *yellow* Fig. 3Chemical structures of the *C4* set of *Tb*PTR1 inhibitors \[[@CR20]\]. The C4 position of the benzimidazole moiety is marked in *orange*

Methods {#Sec2}
=======

Preparation of the sets of compounds {#Sec3}
------------------------------------

Calculations were performed for (*i*) inhibitors from the *C7* set \[[@CR20]\] (Fig. [2](#Fig2){ref-type="fig"}) and (*ii*) inhibitors from the *C4* set \[[@CR20]\] (Fig. [3](#Fig3){ref-type="fig"}), which share a common parent scaffold: compound 11. The numbering of the inhibitors is adopted from Spinks et al. \[[@CR20]\]. Of the reported inhibitors with substitutions at the C4 carbon of benzimidazole \[[@CR20]\], two compounds, 26 and 27, were not included in the *C4* set due to their weak inhibitory activities and because their binding modes presumably differ from that characterizing the remaining inhibitors (as suggested by our docking simulations). Further assumptions underlying our approach, i.e., the representation of the receptor and ligand structures with models of limited size, preclude consideration of inhibitors with entirely different binding poses. Compound 28 (Fig. [3](#Fig3){ref-type="fig"}) was reported to be contaminated with 25% of compound 33 (Fig. [2](#Fig2){ref-type="fig"}), and the inhibitory activity was measured for a mixture \[[@CR20]\]. Thus, we calculated the inhibitory activity of the pure compound 28 based on the equilibrium equations for competitive binding. As reported in the Supplementary material, Section 1, the computed value was $\documentclass[12pt]{minimal}
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                \begin{document}$$K_i^{app}=0.42~{\upmu}{\text{M}}$$\end{document}$.

Modeling of the protein--inhibitor complexes {#Sec4}
--------------------------------------------

The binding poses of the *C7*--set inhibitors were modelled in the *Tb*PTR1 binding pocket based on the crystallographic binding mode of compound 11 (PDB code 3GN2 \[[@CR23]\]). Following the recommended protein preparation protocol \[[@CR27]\], crystallographic water molecules were removed and the resulting protein--inhibitor complexes were minimized in Maestro \[[@CR28]\] using Protein Preparation Wizard \[[@CR29]\] with the default OPLS 2005 \[[@CR30]\] force field, and the convergence criterion defined as the non-hydrogen atom RMSD = 0.3 Å. Optimal hydrogen bonding was determined with PROPKA \[[@CR31]--[@CR34]\], implemented in Maestro, at pH 6.0, i.e. the pH used for the measurements of inhibitory activities \[[@CR20]\].

The modelling procedure was similar for the C4-- and C7--substituted compounds. However, for the *C4* set, the modelling was more difficult because the *Tb*PTR1 subpocket accommodating the C4 benzimidazole substituents is smaller and more enclosed than that for the *C7* set. The binding pose of inhibitor 24 of the *C4* set was modelled as described above, but we also analyzed the unminimized protein--inhibitor complex. For compounds 25 and 28, the conformations of the top score poses from QM-polarized docking (implemented in Maestro software suite \[[@CR28]\]) were taken for the aforementioned minimization and structure preparation protocol. The QM-polarized docking procedure consisted of the following steps: (*i*) Glide docking with XP (extra-precision) score \[[@CR35], [@CR36]\] and standard molecular mechanics OPLS 2005 force field electrostatic charges, (*ii*) recalculation of the semi-empirical Coulson's electrostatic point charges for the docked ligands in the protein surrounding, and (*iii*) redocking of the inhibitors with the electrostatic charges calculated in step (*ii*).

Definition of the ligand fragments and *Tb*PTR1 binding subpockets {#Sec5}
------------------------------------------------------------------

Since the binding mode of the common core of the inhibitors considered (i.e., compound 11) is well defined and likely to be positioned similarly for all inhibitors, its contribution to the observed binding affinity differences is most probably negligible. Therefore, to decrease the computational cost for the ab initio interaction energy calculations, the inhibitor structures were truncated to the fragments shown in Fig. [4](#Fig4){ref-type="fig"} (named with a 'fr-' prefix). All the calculations refer to the inhibitor fragments shown in Fig. [4](#Fig4){ref-type="fig"}.Fig. 4Fragments of the *Tb*PTR1 inhibitors defined for calculations. Carbon atoms corresponding to the C7 and C4 positions of benzimidazole in the full inhibitor structures are marked in *yellow* and *orange*, respectively

The *Tb*PTR1 *C7* binding subpocket consisted of residues from the first shell surrounding the *C7* inhibitor fragments, see Fig. [5](#Fig5){ref-type="fig"}. Due to the potential flexibility of Cys168 and the limited ability of the restrained optimization protocol to account for more extensive conformational changes, Cys168 was excluded from the subpocket definition. Finally, the following residues were present in the *C7* receptor model used for evaluating the interaction energy: Phe97, Phe171, Pro210, Met213, Glu217 and Trp221. Since Glu217 was hydrogen-bonded to Trp221, this residue was included in the calculations as a part of a Glu217--Trp221 dimer. The broken bonds arising from cutting the residues out of the protein scaffold were capped with hydrogen atoms optimized with Maestro using the protocol described above. The *C4* system consisted of the following residues: Phe97, Asp161, Met163, Val164, Pro167, Cys168, Phe171, Tyr174, and Asn175, see Fig. [6](#Fig6){ref-type="fig"}. In this subsystem, in contrast to *C7*, Cys168 was included, because the rigid backbone of Cys is relatively close to the *C4* substitution site, whereas the flexible side chain is not in direct contact (sulphur atom of Cys168 is located about 4.05 Å from carbon C4). Furthermore, in the main set of results, Asp161 was treated as protonated and the protonation of Asp161 at acidic pH is consistent with the catalytic mechanism of PTR1, as suggested by Gourley et al. \[[@CR37]\]. Notably, the systems with protonated Asp161 display significantly better correlation of the energy contributions with the $\documentclass[12pt]{minimal}
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                \begin{document}$$p\text {K}_{\text {i}}^{app}$$\end{document}$ values than those with unprotonated Asp161 (data shown in Tables S5 and S6 in the Supplementary Material).Fig. 5The *C7* subpocket and ligand fragments. Superimposed structures of the complexes of *Tb*PTR1 with the *C7* inhibitor fragments showing the surrounding residues included in the calculations. The hydrogen bond between Glu217 and Trp221 is shown by a *green dashed line* Fig. 6The *C4* subpocket and ligand fragments. Superimposed structures of the complexes of *Tb*PTR1 with the *C4* inhibitor fragments showing the surrounding residues included in the calculations

Ab initio energy decomposition scheme {#Sec6}
-------------------------------------

Hybrid variation-perturbation theory (HVPT) \[[@CR38], [@CR39]\] was applied to partition the interaction energy calculated at the Møller--Plesset second-order level of theory, $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{MP2}$$\end{document}$, into the following contributions characterized by increasing computational cost, as indicated by *O*(*X*) scaling (where *N* and *A* stand for the number of atomic orbitals and atoms, respectively): $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{EL,MTP}^{(10)}$$\end{document}$ refers to the electrostatic multipole component estimated from an atomic multipole expansion \[[@CR40]\] (see the Supplementary Material for a detailed description of the interaction energy terms discussed herein). $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{EL,PEN}^{(10)}$$\end{document}$ is the electrostatic penetration energy, calculated from the following expression: $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{EL}^{(10)}$$\end{document}$ represents the first-order electrostatic energy. The first-order exchange energy $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{EX}^{(10)}$$\end{document}$ term in Eq. [1](#Equ1){ref-type=""} is calculated from the first-order Heitler--London energy, $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{SCF}$$\end{document}$ is the counterpoise-corrected self-consistent field variational energy. The correlation term is defined as: $\documentclass[12pt]{minimal}
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Ab initio interaction energy calculations {#Sec7}
-----------------------------------------

The interaction energy between each residue (a single residue monomer or the Glu217--Trp221/Met163--Val164 dimers) and each inhibitor fragment was calculated with a modified version \[[@CR39]\] of the GAMESS program \[[@CR41]\] using the 6-311G(d) \[[@CR42], [@CR43]\] basis set with diffuse functions on the s and p orbitals of the chlorine atoms \[[@CR44], [@CR45]\]. This approach was chosen rather than using a full 6-311++G(2d,2p) basis set to save computational time and because we did not notice major qualitative differences in the results (a comparison is given in the Supplementary material, Table S1). A counterpoise correction was applied to avoid basis set superposition error \[[@CR46]\].

Multipole electrostatic energy terms were calculated using the Cumulative Atomic Multipole Moments (CAMM) approach \[[@CR40], [@CR47]\] implemented in GAMESS with the expansion truncated at the $\documentclass[12pt]{minimal}
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In addition, three dispersion energy models were tested and compared as regards their suitability for this application, namely: (*i*) as a reference, the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{CORR}^{(2)}$$\end{document}$ term from the HVPT energy decomposition scheme, (*ii*) the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{Das}$$\end{document}$ function \[[@CR17], [@CR19]\] fitted to the SAPT \[[@CR18]\] results, and (*iii*) the D3 correction \[[@CR48]\] to dispersionless---DFT with Becke--Johnson damping \[[@CR49]\] applied. The latter was calculated with standalone DFT-D3 program (version 3.1. Rev 1) \[[@CR48], [@CR49]\], using three different functionals, namely the hybrid functionals PBE0 \[[@CR50], [@CR51]\] and B3LYP \[[@CR52]\], and the exchange functional TPSS \[[@CR53]\]. D3 is defined as a dispersion correction being the sum of two- and three-body contributions to the dispersion energy \[[@CR48]\].

Data analysis {#Sec8}
-------------

Each scoring model considered was compared with the experimental inhibitory activities ($\documentclass[12pt]{minimal}
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                \begin{document}$$N_{pred}$$\end{document}$). The latter is defined as the  percentage of concordant inhibitor pairs with relative stability of the same sign as in the reference experimentally measured activities, evaluated among all pairs of the inhibitor set (*C4* or *C7*) \[[@CR54]\]. Note that when Pearson correlation coefficients between the calculated interaction energies in our model and the experimental inhibitory activities are *negative* (trends of the aforementioned data sets are opposite), these values are said to *correlate*, as lower values of energy should ideally accompany increasing inhibitory activity. For the inverse relationship associated with a *positive* Pearson correlation coefficient, we use the term "anticorrelation". The XP (extra-precision) scoring in the Glide program \[[@CR35], [@CR36], [@CR55]\], with the "score-in-place" option, was applied for empirical scoring of the fragments used for the ab initio calculations. The score function is expressed as follows:$$\documentclass[12pt]{minimal}
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                \begin{document}$$E_{bind}$$\end{document}$ terms of the XP GlideScore additionally include: (*i*) a model of hydrophobic interactions, which takes into account ligand hydrophobic enclosure, and (*ii*) an improved model of hydrogen bond interactions \[[@CR36]\]. The above scoring function was tested on 198 protein--ligand complexes, resulting in binding free energy RMSDs of 2.26 and 1.73 kcal mol^−1^ over all and selected well-docked ligands, respectively, as reported by Friesner et al. \[[@CR36]\].

Results and discussion {#Sec9}
======================
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The total interaction energy values calculated at the consecutive levels of theory are shown in Table [1](#Tab1){ref-type="table"}. Moreover, the relationship between these interaction energies and exchange, delocalization and correlation contributions is depicted in Fig. S1 in the Supplementary Material. The corresponding pairwise interaction energy values for inhibitor--residue pairs and the numerical values of exchange and delocalization energy components are presented in the Supplementary material (Tables S2, S3, respectively).Table 1The total interaction energy at consecutive levels of theory, and energies for the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{EL,MTP}^{(10)}+E_{Das}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{EL,MTP}^{(10)}+E_{CORR}^{(2)}$$\end{document}$ models for the *C7* set of inhibitorsInhibitor$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p\text {K}_{\text {i}}^{app}$$\end{document}$ ^a^$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{EL,MTP}^{(10)}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{EL}^{(10)}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E^{(10)}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{SCF}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{MP2}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{EL,MTP}^{(10)}+E_{Das}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{EL,MTP}^{(10)} + E_{CORR}^{(2)}$$\end{document}$fr-328.2−4.4−8.310.87.0−9.5−25.8−20.9fr-307.3−3.4−6.97.64.5−8.8−21.9−16.7fr-317.0−0.2−7.012.28.9−7.9−20.2−16.9fr-296.3−1.3−3.06.24.6−4.0−12.2−9.8fr-336.2−3.0−5.95.33.3−6.4−15.5−12.7fr-116.1−2.5−4.65.13.6−4.1−12.4−10.1R$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^{\text{b}}$$\end{document}$−0.48−0.840.760.62−0.89−0.96−0.95$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$N_{pred}^{\text{c}}$$\end{document}$66.780.013.326.786.786.780.0In units of kcal mol^−1^$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^{\text{a}}$$\end{document}$Experimental $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p\text {K}_{\text {i}}^{app}$$\end{document}$values are taken from Ref. \[[@CR20]\]$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^{\text{b}}$$\end{document}$Pearson correlation coefficient between the calculated energy and the experimental inhibitory activity$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^{\text{c}}$$\end{document}$Percentage of concordant pairs (%)
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For the fragments of three least potent inhibitors of the *C7* set, fr-29, fr-33, and fr-11, the differences in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p\text {K}_{\text {i}}$$\end{document}$ of about 0.1 (corresponding to an approximately 0.1 kcal mol^−1^ difference in binding free energy \[[@CR57]\]), cannot be expected to be reproduced computationally, as they exceed the accuracy of most quantum chemical calculations, and, likely, of the experiments (measurement errors are, however, not explicitly provided in Refs. \[[@CR20], [@CR23]\]). Accordingly, the computed binding energies of fr-29, fr-33, and fr-11 ligands would be expected to be similar. It can be seen in Table [1](#Tab1){ref-type="table"} that fr-29 and fr-11, but not fr-33, have similar $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{MP2}$$\end{document}$ interaction energy. Notably, the C7 substituents are in direct contact with the methylene linker of the common scaffold depicted in Fig. [2](#Fig2){ref-type="fig"} (e.g., the distance between the C7 chlorine and the closest hydrogen atom of the adjacent methyl group in compound 29 is 2.7 Å). Considering that this particular part of the inhibitor was not included in binding energy analysis, the observed under- and overestimation of interaction energy could be associated with intramolecular interactions that are not accounted for by the model. Despite these omissions, the overall correlation with experimental inhibitory activity is satisfactory.
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The above analysis is in line with our previous findings for FAAH inhibitors \[[@CR7]\] that omitting the contributions arising from short-range interactions (i.e., considering only the multipole electrostatic and correlation energy components) results in a much better model for predicting the inhibitory activity \[[@CR7]\].
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Nonetheless, a universal scoring model should also account for the electrostatic contribution, so that it is appropriate for noncovalent complexes with intermolecular forces of either dispersive or electrostatic nature (or a mixture of both). Upon including the electrostatic multipole term, the scoring abilities of the proposed model further improve for the *C7* inhibitor set (Table [1](#Tab1){ref-type="table"}): for $\documentclass[12pt]{minimal}
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In the work presented herein, we additionally tested the D3 correction to dispersionless---DFT developed by Grimme et al. \[[@CR48]\], calculated for the following functionals: PBE0, B3LYP, and TPSS. Our objective was to check how the simple $\documentclass[12pt]{minimal}
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All the dispersion approximations correlate well with the $\documentclass[12pt]{minimal}
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Protein--ligand interactions are routinely evaluated with computationally inexpensive empirical scoring approaches \[[@CR59]\]. These rely on empirical parameters that are typically derived using a diverse training set. Although, in principle, generally applicable, such scoring functions have been shown to perform successfully in some applications and to fail in others \[[@CR1], [@CR60]\]. In Fig. [7](#Fig7){ref-type="fig"}, the nonempirical $\documentclass[12pt]{minimal}
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We performed calculations for the *C4* set of inhibitor fragments, targeting another subpocket of *Tb*PTR1. Table [3](#Tab3){ref-type="table"} shows the interaction energies calculated at the different levels of theory, together with the $\documentclass[12pt]{minimal}
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Since modeling of the *C4* set of inhibitor--protein complexes was not as straightforward as for the *C7* set, we analyzed the influence of the modeling procedure, in particular the classical force field minimization of the *Tb*PTR1--inhibitor complex, on the computed energy values for one inhibitor, compound 24. In this case, we suspected that the classical force field description \[[@CR30]\], which models atoms as spheres with point charges, might incorrectly treat the interactions of 4-Cl substituent with the side chain of Asn175. Due to the complex electronic structure of halogens and the resultant $\documentclass[12pt]{minimal}
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Putting the *C7* and *C4* models together {#Sec16}
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Analysis of correlations for the *C4*--set models should be treated with caution since the dataset (excluding inhibitor 25) consists of only three inhibitors with a very narrow $\documentclass[12pt]{minimal}
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Concluding remarks {#Sec17}
==================

We have conducted ab initio calculations of the interaction energies between a series of inhibitor fragments and binding subpockets of the *Tb*PTR1 enzyme. The common scaffold for this inhibitor series was a derivative of benzimidazol-2-amine (compound 11), with a well-defined binding mode in *Tb*PTR1. Two types of substitutions were analysed, i.e. substituents at the C7 carbon of benzimidazole scaffold (6 inhibitors, *C7* set) and at the C4 position (4 inhibitors, *C4* set), the two substituent sets interacting predominantly with different subpockets of the *Tb*PTR1 protein.

For evaluation of the inhibitor--receptor interaction energies, we used the recently developed $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{EL,MTP}^{(10)}+E_{Das}$$\end{document}$ approximate model, including only multipole electrostatic and dispersive energy terms \[[@CR7]\]. Combining these two terms is reasonable as they both are major long-range contributions to the intermolecular interaction energy. It is noteworthy that, despite the approximate approach, the model does not contain empirical parameters, i.e. it is parametrized only based on the theoretical SAPT results. The model, however, also involves the following approximations: (*i*) a reduced binding pocket representation that includes only the residues directly interacting with the inhibitors, and (*ii*) inhibitor--receptor interaction energy terms calculated in a pairwise manner, summing over contributions of each binding pocket residue. This calculation scheme, despite its simplicity, resulted in a good correlation with experimental inhibitory activities for both the *C7* and the *C4* sets of the *Tb*PTR1 inhibitors. Furthermore, this computationally efficient model was more accurate in predicting inhibitory activities of *Tb*PTR1 inhibitors than the extra-precision (XP) docking score of Glide (Schrödinger, Inc.). We also found that the replacement of the $\documentclass[12pt]{minimal}
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